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We report the observation of low field Hall anomaly and quantum oscillations arising from surface

states in topological insulator Big.g1Sbo.oo (111).

The temperature-dependent resistivity profile

shows a thermal activation behavior with an activation gap of 11 meV. We find that, in spite
of strong disorder caused by alloying, the holelike surface currents with a mobility 23 000-85 000
cm?/V s can be directly uncovered in the Hall signal. In a magnetic field up to 31 Tesla, we observed
pronounced quantum oscillations coming from a two-dimensional Fermi surface. The Fermi velocity
of 1 x 10° m/s obtained from Shubnikov-de Haas oscillations is consistent with the value of holelike
surface state observed in angle-resolved photoemission experiments.

PACS numbers: 73.20.At, 73.25.41, 71.18.4y, 75.47.-m

Electronic systems with spin-polarized relativistic car-
riers are promising candidates for spintronic and quan-
tum information processing applications. One mecha-
nism to realize a spin-split system is the Rashba effect,
which removes the spin degeneracy as a result of spin-
orbit interaction and inversion symmetry breaking. This
effect is especially prominent in bismuth-based materials,
including bismuth (Bi) single crystals [1-3], Bi/Ag(111)
surface alloys [4], Bi/Si(111) semiconductor systems [5],
and BiTel bulk crystals [6]. Recently, the discovery of
unusual surface states in topological insulator Bi;_,Sb,
has attracted huge interest [7-14]. This alloy has a com-
plex surface band structure with chiral spin textures, as
revealed by angle-resolved photoemission spectroscopy
(ARPES) [15-18] and scanning tunnelling microscope
(STM) experiments [19]. Finding the transport infor-
mation of these surface states is a key factor to evalu-
ate whether or not they are suitable for future device
applications. However, to date low-field magnetotrans-
port [20, 21] and magneto-optical [22] measurements have
concentrated on surface states on the (211) surface of
Bi;_,Sb,. Little research on the transport properties of
the surface states on the (111) surface was implemented.

In this letter, we show the presence of holelike surface
states in Big.91Sbg g9 (111) from the weak-field Hall effect
and Shubnikov-de Haas (SdH) oscillations. At low H, we
observe a huge Hall anomaly, revealing the high surface
mobility z = 23 000 - 80 000 cm?/V s. The magnitude
of the Hall anomaly is consistent with the carrier den-
sity determined from the SdH oscillations. By titling the
field relative to the trigonal axis, we find that the quan-
tum oscillations originate from a two-dimensional (2D)
Fermi surface. In addition, the holelike surface conduc-
tion accounts for ~ 10% of the total conduction in a
macroscopic crystal.

The surface electronic structure of insulating Bi; _,Sb,,
(111) was directly identified by ARPES measurements.
Fig. 1(a) shows the Fermi surface map in the first Bril-
louin zone, which consists of an electron pocket enclos-
ing the T’ point, six hole pockets in between I' and M,
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FIG. 1: (a) Sketch of the (111) surface Brillouin zone with
a hexagonal electron pocket around T, six tear-shaped hole
pockets along the I' — M direction, and six bowtie-shaped
electron pockets around M. (b)-(c) Surface band structure
along the I' — M direction mapped by ARPES experiments
in (b) Bi (111) [16] and (c) Big.91Sbo.os (111) [17]. (d) The
Pz vs T for samples S1-S6 between 4 and 200 K. The left
panel of the insets shows the Arrhenius plot of Inpz, vs 1/T
for n-type sample S3 and p-type sample S6. The right panel
shows Hall coefficient Ry vs T for representative n- and p-
type samples.

and six electron pockets near the M point. As shown
in Fig. 1(b) and 1(c), the existence of degenerate elec-
tron pockets close to M is sensitive to the Sb substitu-
tion at = 0.07 (the topological phase transition point),
whereas the spin-splitting electron and hole pockets sur-

rounding the T' point are robust against Sb variation
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FIG. 2: (a)-(d) The Hall conductivity o4, vs H for samples
S5, 53, S4, and S1 (red circles). The solid line is the fit to
0zy in Eq. (1). Arrows indicate the peak field By, which is
related to mobility by psp = 1/Bp. (e) The conductivity ozs
measured with H at 0.3 K for sample S1 (red circles). The
solid curve is the calculated o4, from Eq. (1) with a bulk
mobility pp = 13 000 ecm?®/V s. (f) The holelike surface Hall
conductivity oz} vs H, obtained by subtracting the bulk term

o, and electronlike surface Hall conductivity oy at T = 0.3

K for sample S1. The solid curve is the fit to Eq. (2).

[16]. STM measurements discovered that the backscat-
tering between these spin-polarized surface states is sig-
nificantly suppressed [19].

Single crystals Bi;_,Sb, studied here were grown by
modified Bridgman method [23]. The samples were
cleaved along the trigonal (111) plane without forming
micrometer scale terraces on top and bottom surfaces.
For x = 0.09, the Fermi level is inside the bulk band
gap and the crystals display an insulating behavior. As
shown in Fig. 1 (d), the resistivity p,, in samples S1-
S6 steeply increases by almost two orders of magnitude
when temperature 7' is lowered from 200 to 4 K. The
Hall resistivity p,. in S1-S5 is n-type, whereas p,, in S6
is p-type. The Arrhenius plot of p,, in samples S1 and
56 indicates a thermal activation behavior with an acti-
vation gap A = 12 and 11 meV, respectively. Moreover,
the Hall coefficient Ry in n- and p- type samples exhibits
similar magnitudes [Fig. 1(d), inset], which suggests that
the electron and hole bulk conduction are comparable
and compensated.

The pronounced weak-field Hall anomaly is resolved

TABLE I: Parameters in samples S1, S2, 53, S4, and S5. The
dimension of the sample L x W x t (length, width, thickness)
is in unit of pum. The uncertainties in measuring ¢ is approx-
imately +10%. psp and nsp correspond to the Hall mobility
and carrier density of the holelike surface state, respectively.
Sr, kr, and krl are the Fermi surface cross section, average
wavevector, and metallicity parameter of the p-type surface
state, respectively. All these values are obtained from fitting
measured o4y (H) and 0, (H) to Eq. (1) at 0.3 K.

Units L xW xt Lsp Nsp Sr kr krl

pum? m?/Vs 10%ecm™2 T (A7H -
S1 825 x 170 x 30 6.0 5.30 18.3  0.024 220
S2 350 x 170 x 20 8.0 1.80 6.21 0.013 95
S3 880 x 390 x 40 2.3 10.8 37.3 0.034 162
5S4 600 x 300 x 30 8.0 1.48 5.10 0.012 75
S5 840 x 270 x 50 8.5 6.28 21.7  0.026 368

in n-type samples. In Figs. 2(a)-2(e), we plot the ob-
served Hall conductivity o, (red dots) in five different
samples S1-S5. For these samples the applied H can
change 0, from holelike to electronlike at fields below 1
Tesla. This dispersive anomaly dominates the low field
Hall conduction in accordance with a high mobility band
that is p-type. This effect is similar to what has been
found in topological insulator BisTes, where a n-type
Hall anomaly is observed in a p-type crystal and is con-
firmed to originate from topological surface states [24].

To quantitatively understand the anomalous Hall sig-
nal, we fit the observed Hall conductivity as the sum of
three conductivity tensors

_ b sp sn
04 = 045+ 05 + 055 (1)

where aé’j is the bulk conductivity, o7} the p-type surface
conductivity, and o3y the n-type surface conductivity.
With o7; = G7;/t (t is the sample thickness), G5, corre-

sponds to the surface Hall conductance, given by

s 2med BI?
G =9 Tt (uBY) .
where g; is the degeneracy of the surface band i (g; = 6
for the holelike band), I the mean free path, A Planck’s
constant, e the electron charge, and p the surface Hall
mobility, which is related to the metallicity parameter
kpl as pu = el/hkp.

We can achieve a very close fit to the observed con-
ductivity o4, and Hall conductivity o, by Egs. (1)
and (2) in four different samples at low H [solid lines,
Figs. 2(a)-2(d)]. In Fig. 2(f), the calculated p-type
surface term in S1 is plotted in solid curve, which well
captures the profile of isolated surface conductivity, red
circles, obtained by subtracting ng+a;’; from the ob-
served o,. We find that G}, reaches the maximum value
Gpax = (e?/2h)g;kpl at the peak field B, = 1/u [black
arrows in Fig. 2]. Thus the H-dependent G, profile
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FIG. 3: (a) The trace of Hall resistivity py. vs H in sample
51 measured at temperature 7' between 0.3 and 30 K. The
inset shows that the amplitude of weak-field Hall anomaly
decreases rapidly as 7' is raised from 0.3 to 21 K. (b) The
resistivity derivative dpz»/dH vs 1/H, with H; = Hcosf at
selected tilt angles 6 in sample S3. (c¢) The Hall resistivity
derivative dpy./dH vs 1/H at various 6 in sample S1.

provides a good estimation of the mobility and carrier
density for the surface hole pockets. Table I summarizes
the parameters for five samples that all display a weak-H
Hall anomaly. The extracted surface hole band mobility
is in the range of 23 000 to 85 000 cm?/V s.

The bulk band mobility p, may be estimated from
the transverse magnetoresistance, as the reduction in
022 (H) is predominantly determined by pp, via 0., (H) =
022(0)/[1 + (upH)?]. For sample S1 [Fig. 2(e)], the re-
duction in o4, by 79% at 2 T yields j, ~ 10 000 cm?/V s,
consistent with the identified n-type high mobility state
from Hall analysis. We note that both the n- and p-
type crystals exhibit a thermal activation behavior with
a similar transport band gap [Fig. 1(d)]. This implies
that the electron and hole bulk bands are highly compen-
sated. Fitting o,,(H) along with o, (H) yield the bulk
p and n type carrier density ny = 3.48, 2.72 x 1016 cm ™3,
respectively, and surface electron density n,, = 2.5x 103
em ™2 with f1s, = 3000 cm?/V s.

If we associate a spherical Fermi surface to the bulk
carriers, these carrier concentrations set the quantum
limit at a magnetic field B,—1 = Sr/(27)?¢o, where v
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FIG. 4: (a) pze and py, vs H in sample S3 at 0.3 K. (b)
The high-field quantum oscillations in the plot of dpy./dH
and dpy./dH vs 1/H. Black and red dashed lines corre-
spond to the minima and maxima of dpy./dH, which are
phase shifted by 7/2 from the extrema of dpys/dH. (c¢) The
Landau level index plot using the extrema of dpz./dH and
dpys/dH. (d) The normalized Hall conductivity amplitude
Aoey(H)/Aozy(0) vs T at 0.3 K with 15 T. The fit to the
Lifshitz-Kosevich expression gives mcyc = 0.35me.

is the filling factor, ¢9 = h/e the magnetic flux quanta,
and Sp the extremal cross section of the Fermi surface.
For samples S1 and S3, we calculate B,—; = 3.36 and
2.81 T, respectively, for bulk electrons, and B,-; = 2.85
and 2.78 T, respectively, for bulk holes. Previous stud-
ies on Big.91Sbg.g9 also identified that the bulk quantum
limit is attained by a field H <3 T [21].

We next report the detection of quantum oscillations
in the resistivity tensors at a tilting magnetic field up to
31 T, which is far above the ultraquantum limit of bulk
carriers. As shown in Fig. 3(a), the raw trace of Hall
resistivity, pyz, displays weakly resolved oscillations, sit-
ting on top of a strongly nonlinear background for fields
exceeding 10 T. As T is raised from 0.3 to 21 K, the oscil-
lation amplitudes decrease quickly, accompanied by the
decrease of the Hall anomaly [inset of Fig. 3(a)]. Figs.
3(b) and 3(c) plot the derivative dp,/dH and dpy,/dH
versus the perpendicular field component H, = Hcosf
along the trigonal axis [111] (€ is the tilting field relative
to the trigonal axis), for samples S3 and S1, respectively.
For both samples, the most pronounced dip (marked by
dashed lines) depends only on H, and they are absent
for 55° < 0 < 90°. This distinct feature is a direct evi-
dence of the surface origin of the high-H quantum oscil-
lations.

Figure 4(a) shows the traces of py,(H) and py.(H)
versus H for sample S3 at 0.3 K. We find that the quan-
tum oscillations are more prominent in py,(H) than in
Pz (H). This observation may be understood by taking



account of the huge magnetoresistance arising from the
bulk states. For sample 53, e.g. the magnitude of magne-
toresistance [pyy(H)/pzz(0) — 1] is ~ 12 at 14 T, almost
8 times higher than that in nonmetallic BioTes [24]. Al-
though the 2D conductance G5E, = g;(e?/h)krl accounts
for ~ 10% of the total conductance, the fast-rising bulk
magnetoresistance can easily mask any small signals re-
sulting from the surface states, making the detection of
surface oscillations much more challenging.

To extract the period of the oscillations, we plot the
Landau fan diagram [Fig. 4(c)] using the extrema of
dpez/dH and dpy,/dH for sample S3, as shown in Fig.
4(c). Tt can be seen that all the data lie on a straight line
that intersects the v-axis at 0.15, suggesting a conven-
tional Schrédinger spectrum. The slope of the extrapo-
lated straight line gives Sp = 36.0 T, with an average
Fermi wave vector kr = 0.033 A_l. These values are in
good agreement with the parameters of the p-type surface
state extracted from the Hall anomaly analysis (Table I).

By fitting the T-dependence of the Hall conductivity
amplitudes to the standard Lifshitz-Kosevich expression
[Fig. 4(d)], we get the cyclotron mass mcy. = 0.35m,
in sample S3 (m. is the free electron mass). However,
due to the limited oscillation periods, the carrier mobility
cannot be extracted from the SAH oscillation. With kp =
0.033 Afl, the average Fermi velocity (vr = hikp/meyc)
is found to be 1.1 x 10° m/s. This number is more close
to the ARPES observed average value of 2.5 x 10° m/s
for the holelike surface band (vp ~ 0.76 and 4.3 x 10°
m/s along the k, and k, directions, respectively) than
3.7 and 4.9 x 10° m/s for the electronlike surface bands
surrounding the T’ and M points, respectively [15]. This
fact together with the Hall anomaly analysis suggest that
the observed quantum oscillations are most likely coming
from the p-type surface state. For the n-type surface
states, due to the small Fermi pockets [Fig. 1(a)], their
SdH oscillations cannot be clearly resolved.

Interestingly, despite the strong alloying in
Big.91Sbo.g9, the magnitude of its surface mobility
is the highest ever reported in bismuth-based topological
insulators. Compared with BisTez that has a surface
to bulk mobility ratio ps/uy = 12 at 0.3 K [24], this
ratio is ~ 5 for the p-type surface state in Big.g1Sbg.o9-
These phenomena may be indicative of the unique
characteristic of surface states in a topological insulator,
in which backscattering caused by atomic scale disorder
is absent between states of opposite spin.

In conclusion, we have identified the holelike surface
conduction in Bigg1Sbg.gg (111) from weak-field Hall
anomaly and SdH oscillations. This surface band exhibits
a mobility s = 23 000-85 000 cm?/V s, much higher
than the bulk value pp = 9000-13 000 cm?/V s. Our
observation is consistent with the recent STM studies on
Bi;_,Sb,, demonstrating that surface states in Bi; _,Sb,
intend to tolerate disorder resulted from random alloy-
ing [19]. These spin-polarized surface states are therefore

potentially useful for the future spin-based applications
that rely on high carrier mobility.
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